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The Origin of Spectroscopy

 Newton generated a rainbow with a prism and described many
characteristics of light in Opticks, 1704

» Fraunhofer developed a spectroscope in 1814 and used the
observation of dispersed light to understand glass composition as
well as to discover the absorption lines in flames and the solar
spectrum

« Edwin Hubble used spectroscopy to understand the expanding
nature of our universe in 1929

« Spectroscopy is a powerful analytical method that enables remote
measurement for scientific discovery and other applications
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Imaging Spectroscopy

EACH SPATIAL ELEMENT HAS A
CONTINUOUS SPECTRUM THAT
IS USED TO ANALYZE THE

B
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Requires advanced: detectors, optical designs, computation, etc.




The Pushbroom
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Imaging Spectrometer Approach
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The Airborne Imaging Spectrometer
Proposed at JPL in 1979 (IRAD)

AlS-1982 32x32 HgCdTe Detector

Rockwell Scientific
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The Airborne Visible-Infrared
Imaging Spectrometer (AVIRIS)
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* Proposed 1983 and first flew in late1986

* F/1 optics; Si, InGaAs, InSb detectors; 200 um class detectors

« 87 us integration time; 21 M electrons in 10 nm channels for bright targets

« 8700 spectra per second; > 100 Terabytes of data and products

« AVIRIS is mentioned in more the 850 refereed journal articles

« Flew the RIM Fire, CA on the 13t of September 2013 (28 consecutive years)



NASA ER-2
Collects images
from 20 km (65,000
ft) altitude




Earth Measurement Examples



—Muscovite K2AI4[SiBAI2020)(OH)4
——Alunite KAI3(504)2(0H)6
Gypsum CaS04.2H20
—Jarosite NaFe3+3(504)2(0H)6
——Dolomite CaMg(C03)2
—Montmorillonite (Na,Ca)0 33(Al Mg)25i4C
Kaolinite Al4[Si4010[(OH)8
— Goethite FeQ.OH
—Calcite CaC0O3
—Hematite Fe203
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minerals: broad
D absorptions
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Spectroscopy Enables
Sub-pixel Detection
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3m x 1m Dolomite discovered
with 20m x 20m AVIRIS imaging |
spectrometer measurement

Boardman and Kruse
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Reflectance

Reflectance

Mapping Vegetation Species with Imaging Spectroscopy
Dar Roberts et aI UCSB MESMA Species Type 90% accurate

Pacific Ocean
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Species/Functional-type Map
Shenandoah
National Park, USA

T Pinus virginiana , _
L@L.” W Pinus virginiana / deciduous mix
4 Pinus rigida

Pinus strobus
Pinus strobus / Quercus mix
Tsuga canadensis

Quercus rubra

Quercus rubra - Quercus spp. - Carya
B Quercus prinus - Quercus coccinea
W Quercus coccinea / mix

Quercus velutina / mix
B Quercus alba
B Quercus prinus - Quercus spp. / mix
B Quercus prinus - Acer rubrum / mix
I Quercus prinus
W Carya sp.




Agriculture
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Crop type, Crop health, Nitrogen, Leaf water, Soil Composition, Soil Salinity, Soil
Carbon, etc.



Photosynthesis Revealed
via Spectroscopy

Water Vapor Photosynthesis
i d it revealed in the spectrum
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Water Vapor Absorption
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Shallow Water Spectroscopy
Corals
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AVIRIS Image of Kaneohe Bay, HI
Classification of the bottom of coastal zones and coral reef types




A red-tide bloom in Monterey Bay, CA

Surface
Chlorophyll from i
AVIRIS |
10/07/02

Surface Chl from
~ SeaWiFsS 10/08/02 SeaWiFS bands miss signal



Three Phases of Water
Mount Rainier, WA

Water Vapor, Liquid Wat
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Snow and Ice: Albedo, Dust, Melting

. . Upper Colorado River Basin (T. Painter, JPL)
« Water availability San Juan Mountains, CO

15 June 2011

« Melting of the Earth’s glaciers.
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Reference spectrum:
Chrysotile coating
on Girder WTICO01-08
(multiplied by 0.341)

Asbestos

AVIRIS:
wte_rdw_10b_llws.rtge
9 pixel average near L23095%23

2.3
WAVELENGTH (um)

World Trade
Center area,
New York

U.S. Geological Survey
Clark etal., 2001

NASA/NPL AVIRIS data
Sept 16, 2001 16:21 GMT

UsSGs

Imaging Spectroscopy
Tetracorder 4.0awtc2
praduct

Spectral Shape Map
This map shows materials
whose spectra are similar
to the reference materials
below. Itis nota map of
the identification of these
materials. A similarity map
is analogous to a map of
materials with similar
colors viewed with your
eyes. The colors may
indicate similar
compositions.
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New Orleans Core Example
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OBJECTIVE

Assess impact of flood and hazards via
iImaging spectroscopy

Examples: Flood water composition,
particulate distribution, oil contamination,
methane leaks, environmental damage,
fires, etc.

COLLABORATORS

Delivery to FEMA

Roger Clark, Trude King, et al., USGS
Prof. Susan Ustin, UC Davis

Prof. Dar Roberts, UC Santa Barbara
Prof. Greg Asner, Carnegie (CIW) &
Stanford

Robert Green, JPL

Joseph Boardman, AIG



2010 Gulf OIl Spill Response

|
NASA AVIRIS used by USGS, NOAA and NASA science team to estimate the thickness
and volume of the surface oil. Example result: High values at 131 liters/pixel*.

Quantitative
Volume

Spectroscopic Basis
Thickness Estimates

Oil Spill C-H Bond Absorptions AVIRIS AVIRIS Spectra Fraction
i i T T T T T 3 trum < _‘, P P e L { . !
’ w L w [ AVIRIS \  Thicker Spggg%i
dak D P Zo.1sF / emulsion .
% 03 Ji 1 h % E ‘/\ E
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= 4 N1 || = ]
¥ o2f = e == .
0.1 S L?j};;:f) L \ /\\E
0.0 1 L Jdmm-l 0.00+1 e o
T 05 1.0 15 2.0 25 0.5 1.0 1.5 20 25
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NASA AVIRIS used by a broad government and university science team to map vegetation
species and physiological condition (health) before and after oil impact.

AVIRIS QOil Impacted
Vegetation Spectra

Oil Impact

AVIRIS Vegetation AVIRIS Species
Product

Spectra Map

Coastal _
Post QOil

Pre Oil

j AVIRIS Spectra

—DISP
—FHAU

—5FPA

Oil on Phragmity

*A Method for Quantitative Mapping of Thick Oil Spills Using HyspIRI; Roger N. Clark?, Gregg A. Swayze?!, Ira Leifer?, K. Eric Livo!, Raymond Kokaly?, Todd Hoefen?, Sarah Lundeen?, Michael
Eastwood?, Robert O. Green?, Neil Pearson?, Charles Sarture?, lan McCubbin* Dar Roberts?3, Eliza Bradley®, Denis Steele®, Thomas Ryan3, Roseanne Dominguez3, and AVIRIS Team?3; lUSGS,
2UCSB, 3NASA, “ DRI



Other Planets and the Moon
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//upload.wikimedia.org/wikipedia/commons/1/1d/Galileo_Preparations_-_GPN-2000-000672.jpg

1997 Visual and Infrared Mapping
Spectrometer (VIMS) to Saturn
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2005 CRISM to Mars

« Spectral: 400 to 4000 nm
« Spatial: 12 by 12 km @24

12 Aug 2005
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Reflectance

Human
Vision
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24 Month Build (8 Kg, 15 Watts)

M3 Pre Ship Launch 22 Oct 2008, India

Teledyne 6604a
430 to 3000 nm
Substrate removed




Minerals were mapped within three
days of first light

M° Spectra i 0

Plagioclase ~
(anorthosite) ,..-"'""

Reflectance

? Pyroxene ?
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Scaled Reflectance*

0.100 g

I |—Lat81.7 sc 1
1.3 |—Lat76.6 sc ]
[ | ——Lat67.1 sc / ]
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12} 1
b | — —Lat18.0 sc 1 & Hydroxyl
11h P 12 ol ™ Water
[ /\7—‘“ ] & Ice

2600 2800 3000 3200 3400 3600

m3g20090205t150614 1 Wavelength (nm)
Eq Long 0.6 deg 1

08 _ Beta angle 39 deg _

0.9 [

7]
1800 2000 2200 2400 2600 2800 3000

Wavelength (nm) Unexpected Minerals

Mineralogy

\spinel ./ /

olivine

pyfoxene

L —

23 October 2009/590

AYAAAS

A three-color mosaic derived from the Moon Mineralogy Mapper (M3) near-infrared spectrometer.
Orange and pink colors illustrate the distribution of iron-bearing minerals. Green represents the surface
brightness at 2.4 micrometers. Blue indicates the presence of small amounts of surficial OH and H,0
that are most prominent at these viewing geometries at cooler, higher latitudes. See page 568.

Image: NASA/ISRO/Brown University/R. N. Clark, USGS
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Instrument Evolution and
Next Generation Measurements



Imaging Spectrometer Optical
Advances

White » An Offner spectrometer enables uniform

Light oy  SPectroscopy using a slit, two spherical

}| mirrors, a convex grating, order sorting filter
St (OSF) and detector array.

« The grating on a convex surface is the
key. The slit, optical component mounts,

Detector jz=== =———==sM2  OSF and detector also have critical

& OSF requirements.

Mouroulis P., Green R. O., Chrien T. G., “Design of pushbroom imaging spectrometers for optimum recovery of spectroscopic
and spatial information,” APPL OPTICS 39: (13) 2210-2220 MAY 1 2000

Single Blaze Area Weighted Concentric Blaze  Uniform Facet Blaze Structured Groove  Tuned efficiency, low
Hyperion Blaze, CRISM MaRS M3, ARTEMIS Blaze, UCIS scatter, low

~

polarization sensitivity
structured groove
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Detectors Advances: Increase In
Array Size and Spectral Range
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2012 AVIRIS-Next Generation
Substrate removed MCT 380 to 2510 nm

>959% cross-track and
IFOV uniformity

“Smile”

256 320 384 448 512 576 640
rack Sample (#)

“Keystone”




2012 Ultra Compact Imaging
Spectrometer (UCIS) <3kg < 3W

T

== Epsomite === Anhydrite
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- = Siderite

- Magnesite / Hydromagnesite -== Calcite
- Schwertmannite Jarosite

Reflectance
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2012 Micro Scale Imaging
Spectroscopy with UCIS

Mineral Identification
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Exoplanet Worlds

_ T
Transi r :
ansit spectroscopy Spectroscopy of Exoplanets Accessible
« Provides access to information Molecules
Secondary Eclipse .

about molecules, atmospheric H,0

conditions, composition o

4

. . . C0,

Imaging strategies exist co

250 T —

' S | Gaft

» i Mol sler s it _ HCN

- Disequilibrium chemistry 0,

£ 200} . S_pectrpscopy cou_ld provide the 0,
2 . first evidence for life beyond T
I Moleculart Earth :

2030 absorption 7 CEHd

_ CyHs

P T T s 20 22 24

' . Wavelengih (um) . . HES

From “The Presence of Methane in the Atmosphere of an Extrasolar Planet,“Swain, S0,

Vasisht & Tinetti, Nature, Volume 452, pp. 329-331 (2008) + others






Conclusions

Spectroscopy reveals physics, chemistry, and biology and related processes

With advances in detectors, optics, and electronics, imaging spectroscopy
became feasible in the late 20" Century (AIS)

Since its inception, the use of imaging spectroscopy on Earth and
throughout the solar system has been proven and expanded extraordinarily

There are now a suite of compelling science research examples for
understanding worlds from the micron scale to exoplanet distances

Imaging spectroscopy enables remote measurement for the 215t Century




Thank You!

Images raise questions and spectra answer them!



